The point dilution test is a single-well technique for estimating horizontal flow velocity in the aquifer surrounding a well. The test is conducted by introducing a tracer into a well section and monitoring its decreasing concentration over time. When using a salt tracer, the method is easy and inexpensive. Traditionally, the horizontal Darcy velocity is calculated as a function of the rate of dilution and is based on the simple assumption that the decreasing tracer concentration is proportional both to the apparent velocity into the test section and to the Darcy velocity in the aquifer. In this article, an alternative approach to analyse the results of point dilution tests is proposed and verified using data acquired at a test site in the middle Venetian plain, northeast Italy. In this approach, the one-dimensional equilibrium advection-dispersion equation is inverted using the CXTFIT model to estimate the apparent velocity inside the test section. Analysis of the field data obtained by the two approaches shows good agreement between the methods and suggests that it is possible to use the equilibrium advection-dispersion equation to estimate apparent velocity over a wide range of velocities.
Introduction
Simulation of contaminant transport in porous media requires estimates of groundwater velocities. Groundwater velocities are usually estimated from multi-well tracer tests and point dilution tests and by measuring hydraulic heads and permeabilities at several locations using Darcy's law (Labaky et al. 2009 ). In a vast area, however, it is expensive to establish a high number of test sites to perform multi-well tracer tests. Additionally, the use of only Darcy's law to calculate groundwater velocities has some limitations, especially when the monitoring points are irregularly distributed over the area investigated. In these situations, direct measurements of groundwater velocity with the point dilution method might be a good alternative to groundwater velocity estimates from Darcy's law (Hall 1993 , Novakowski et al. 2006 , West and Odling 2007 . This is particularly true in the Venetian plain where extensive groundwater exploitation is conducted through a widespread network of withdrawal points. As a matter of fact, a lack of regulatory enforcement allowed the drilling of numerous irregularly distributed private wells in the recent past.
The point dilution test (PDT), also called the borehole dilution test or simply the dilution test, is a method used to estimate the groundwater horizontal Darcy velocity (v d ) in the aquifer surrounding a well. In this method, a tracer is quickly introduced and homogeneously distributed into a well test section. The tracer is subsequently diluted by the groundwater flow and its decreasing concentration is measured over time. Either manual or automatic measurement methods can be used to determine the reduction in tracer concentration, although manual techniques can alter the tracer dilution, due to the mixing induced by repeated insertions of a probe or from the sampling. Dilution measurements are made in a single well and different velocities along the vertical profile can be determined if several depths are monitored within the well.
The typical approach to analyse dilution test data is derived from the assumption that the tracer is nonreactive and introduced instantaneously at concentration C 0 into an isolated well test section. If all tracer dilution is caused by groundwater flow through the test section and if the flow is steady, at time t > 0, the tracer concentration (C) decreases by the rate (Freeze and Cherry 1979) :
where v a is the apparent velocity across the centre of the well test section, W is the dilution volume and A is the cross-sectional area perpendicular to the direction of undisturbed groundwater flow. Rearrangement of (1) yields:
Integration and use of the initial condition C = C 0 at t = 0 leads to:
and then:
where r is the radius of the well.
Tracer concentration vs time field data are analysed by plotting the natural logarithm of the ratio of tracer concentration (C) at any time to the initial concentration (C 0 ) vs time. If tracer dilution is only caused by water flowing through the test section, the logarithm of this ratio (C/C 0 ) exhibits a linear trend, and its slope (m) is proportional to v a according to:
In Drost et al. (1968) , the apparent velocity is defined as:
where v d is the Darcy velocity, v k is the component of v a caused by density convection, v s is the component caused by vertical current in the well screen, v f is the component caused by molecular diffusion of the tracer and v m is the component caused by mixing during injection or during manual sampling. The factor α takes into account the flow field distortion due to the well screen and gravel/sand pack (Fig. 1) . The usual range of α for tests in sand or gravel aquifers is 0.5-4 (Drost et al. 1968) , but for open-pipe piezometers, a value of 2 is widely accepted (Hall 1993 , Novakowski et al. 1995 , Pitrak et al. 2007 , Shafer et al. 2010 . If the assumption is correct and dilution is caused only by groundwater flow, the other components of v a are negligible, and v d is equal to the ratio of v a to α. Dilution tests using a variety of tracers, including radioisotopes or isotopes (Drost et al. 1968 , Wurzel 1983 , Ronen et al. 1986 , 1991 , 1993 , dyes or fluorescent dyes (Lewis et al. 1966 , Novakowski et al. 1995 , Gutiérrez et al. 1997 , Bernstein et al. 2007 , Pitrak et al. 2007 , Sale et al. 2007 , salts or brines (Moore et al. 1992 , Hall 1993 , Hatfield et al. 2004 , Novakowski et al. 2006 , West and Odling 2007 , Shafer et al. 2010 ) and deionized water (Tsang et al. 1990, Paillet and Pedler 1996) , have been conducted since the 1950s in fractured and porous media. The application principles and limitations of this technique are well known.
In this article, an alternative approach to analyse PDT data using an analytical solution of the onedimensional equilibrium advection-dispersion equation is proposed. For a conservative tracer, neglecting sorption and degradation, the one-dimensional advection-dispersion equation (ADE) can be written as (van Genuchten et al. 2013a) :
where (Leibundgut et al. 2009 , van Genuchten et al. 2013a . The inversion of the ADE can be used to estimate apparent velocity inside a piezometer (Fig. 1) during wellbore fluid displacement. Inversion of the equilibrium ADE was performed by the CXTFIT code (version 2.1) implemented in the STANMOD software package (van Genuchten et al. 2012) . The CXTFIT code of Parker and van Genuchten (1984) with updates by Toride et al. (1999) is a program for determining transport parameters in various one-dimensional theoretical solute transport models, including the conventional ADE. The program uses known analytical solutions (van Genuchten and Alves 1982) to fit calculated to observed concentration distributions as a function of time or space. CXTFIT uses a MarquardtLevenberg-type weighted nonlinear least-squares optimization approach (Marquardt 1963 ) that minimizes the sums of residual squares between observed and calculated concentrations (objective function). In the present study, the program was used to analyse measured concentrations acquired during PDTs and to estimate v a and dispersion coefficients.
The proposed approach was tested in a test site located in the middle Venetian plain where several PDTs were performed. The results obtained by both interpretation methods, i.e. classical and CXTFIT inversion, were compared.
Hydrogeological settings
The Venetian plain is characterized by two main hydrogeological units of alluvial origin: a large unconfined aquifer that extends southward from the pre-Alps in the upper part of the plain and a multi-layered confined or semi-confined aquifer system in the lower-lying part of the plain towards the Adriatic Sea (Fig. 2) . The unconfined aquifer evolves into the multi-layered aquifer through a 2-5-km-wide band where the gravelly alluvial deposits progressively change to a sequence of impervious or semi-impervious layers interbedded with gravel and sand (Fig. 3) . In this transition zone, defined as the middle plain, the water table intersects the topographic surface, and groundwater emerges on the plain as numerous springs called "Fontanili" (Vorlicek et al. 2004, Fabbri and Piccinini 2013) .
The PDTs were conducted in the unconfined aquifer at a test site near Villaverla (Vicenza, northeast Italy) in the middle Venetian plain (about 45°38ʹN, 11°31ʹE; with gravel and sand horizons interbedded with silty and clayey layers (Fig. 5) . The water table is shallow and the head fluctuations are strongly correlated with rainfall. Hydraulic conductivities (K) derived from slug tests (Fabbri et al. 2012 ) range across three orders of magnitude from 2.7 × 10 -6 to 2.9 × 10 -3 m/s. The depth of the piezometers used in this study ranges from 3.0 to 5.0 m b.g.l. and their characteristics are summarized in Table 1 .
Materials and methods

Field application
Eight PDTs were performed in six piezometers (Table 1) in the Villaverla test site during 2011. The tests were conducted on piezometers with wellknown stratigraphy established by a detailed study of the cores. Although the local heterogeneity is high (Fig. 5) , the middle plain hydrogeological setting at larger scale is quite homogeneous. Therefore, the test site and its piezometers, and the results of the PDTs, can be considered representative of the middle Venetian plain. The PDTs were carried out by injecting a NaCl solution and then recording the decline of specific electrical conductivity at 25°C (EC 25 ) by a high-accuracy multi-probe sensor (CTD-Diver, Schlumberger Water Service; range 0-30 mS/cm, accuracy ±1% of reading and resolution 0.1% of reading) at fixed depths. The NaCl solution was pumped at low flow into the screen interval of the piezometer through a plastic pipe holed in the last metre of length. During the injection, this pipe was alternately lowered and raised until the tracer was homogeneously distributed in the water column. At the end of each injection, and before the monitoring of wellbore fluid displacement began, an EC 25 profile was recorded to verify the even distribution of the tracer. Measurements of tracer concentration were subsequently recorded at fixed intervals of 5 or 10 minutes. The features of the PDTs performed are summarized in Table 2 .
In conventional practice, PDT is most often conducted in a single isolated test section. The piezometers used in the present study had a single screen with a length of 2 or 3 m (Table 1) . Therefore, they satisfy this criterion and it was not necessary to physically isolate the test sections. Furthermore, the injection can be considered instantaneous compared to the timing of the decrease in tracer concentration and to the duration of the tests, approximately the interval between the time of injection and the time at which the ratio of the concentration and the initial concentration reaches the value of 0.01 (Drost et al. 1968 , Table 2 ). The conversion from EC 25 (in mS/cm) to equivalent NaCl concentration (C NaCl in g/L) was carried out according to the following experimental relationship, identified for the tests presented in this paper: Figure 5 . Geological cross section of the study site; location of the section is shown in Fig. 4 . Table 2 . Technical data of the PDTs performed; Depth is the sensor depth; C 0 is the initial concentration of sodium chloride after the injection; C b is background concentration of sodium chloride; Time is the duration of the test; Type is the type of PDT performed: single when only one depth was investigated and double when two depths were investigated simultaneously. 
Finally, for evaluating the presence of vertical currents inside the piezometers, PDTs were performed both by testing only one point on the screen interval at a time (single PDT) and by investigating two depths simultaneously (double PDT; Table 2 ).
Classical solution
Tracer concentration vs time data were analysed by plotting the logarithm of the ratio of tracer concentration at any time to the initial concentration vs time. To account for the natural background concentration of salts in groundwater, in accordance with Moore et al. (1992) , the ln(C/C 0 ) originally developed for the injection of tracers with zero initial concentration was replaced by:
where C b is the concentration of the natural background.
The slope of the semi-logarithmic plots were then evaluated by classical linear least-squares regression analysis, and the values for the v a were determined from equation (5). If the assumption is correct, the tracer dilution rate equation (9) is constant over time, and the horizontal Darcy velocity (v d ) can be derived as the ratio of v a to α. In contrast, when other processes are active in the test section, v k , v s , v f or v m in equation (6) are not negligible, the tracer dilution rate is variable over time and the semi-logarithmic plots show curved instead of linear trends. In this study, a distortion factor (α) of 2 was considered representative of the field conditions.
CXTFIT model
Even though CXTFIT was derived for porous media transport problems, the code is also applicable to most of the problems concerning surface water (van Genuchten et al. 2013b) . In this example, the apparent velocity (v a ), which acts inside the piezometers (Fig. 1) , was considered to be equivalent to the fluid flow velocity of the equilibrium ADE equation (7) by assuming a volumetric water content (or an effective porosity in the saturated media) of 1. In the same way, the use of NaCl has allowed sorption and degradation to be neglected. This was performed by assuming a retardation factor (R) of 1 and a first-order decay rate (μ) of 0 in the code. The input concentration was corrected for the natural background and then was normalized with respect to the initial concentrations (C 0 ) according to equation (9). With these assumptions, a null value for the zero-order production term (γ) was fixed in the code and the concentration was simulated in terms of the amount of solute per unit volume of water or resident concentration (C V ). The mathematical solution and the inversion of the equilibrium ADE requires auxiliary conditions specifying the initial and boundary conditions of the transport problem. It is important that the initial and boundary conditions adequately represent field conditions during the test, with particular attention paid to the adopted mode of tracer injection and detection. The transport problem, in terms of the resident concentration, was subjected to:
-a uniform initial concentration (C i ), with:
-a third-type inlet boundary condition to avoid mass balance problems (van Genuchten et al. 2013a), defined as:
-a finite outlet condition, with:
where L is the diameter of the piezometer. Output positions were fixed at the centre of the piezometers (L/2), while the simulated concentrations were calculated at the same time as the input data. During inversion, several initial values of velocity and dispersion were tested without constraining parameter estimation until the best fit was reached.
Results and discussion
Point dilution theory requires that, for a valid PDT, the plot of ln[(C-C b )/(C 0 -C b )] vs time must exhibit a linear trend because v a is expected to be constant. An inspection of Fig. 6 shows that at all test depths, the data support a straight-line interpretation and that, in the investigated aquifer, the horizontal flow is dominant and the assumption of adequate mixing is correct despite the high lithological heterogeneity. Despite slight curvatures and disturbances in the middle part of the tests, the results of a double PDT performed in GP5 (Fig. 6 (b) ) confirm that the effects of vertical currents are negligible and support the choice to not use packers to isolate the test sections. The dilution curves recorded at 2.30 and 3.10 m b.g.l. have nearly identical slopes.
The use of brine, such as NaCl solution, as tracer has many advantages and some limitations. NaCl is one of the most widely used artificial tracers due to its easy handling, good sensitivity, nontoxicity, low cost and ubiquitous availability. It is assumed to be a chemically stable and conservative tracer with high geochemical mobility (Leibundgut et al. 2009 ); sorption is usually considered negligible in groundwater. The detection of NaCl tracers is easy and can be based on the simple correlation between salt concentration and electrical conductivity equation (8). The main disadvantage of this tracer is the natural background concentration of chloride, caused by mineralization of the groundwater. As a consequence, large quantities of salt may be needed and potential density contrasts between brine and groundwater may cause unfavourable attenuation of the flow or density movement of water (Pitrak et al. 2007 , Shafer et al. 2010 . After a PDT injection, the effects of density contrast progressively decrease until the dilution does not reduce the concentration gradient. Usually, this leads to an initial curvature in the plot of ln[(C-C b )/(C 0 -C b )] vs time. In the present study, this source of error cannot be excluded, but it is considered to be minor or negligible as shown by the linear trend exhibited by all of the plots. The procedure for mixing the brine during the injection and the length of the test in comparison with the injection could reduce the initial density contrast and the related errors.
The results of the classical PDT analysis are summarized in Table 3 . The derived v a range from 5.07 × 10 -7 (PDT5) to 2.74 × 10 -5 (PDT8) m/s, while the v d calculated with a distortion factor of 2 varies from 2.53 × 10 -7 to 1.37 × 10 -5 m/s. These values are consistent with the v d calculated by Darcy's law in the same piezometers (Table 4) using K values derived from slug tests (Fabbri et al. 2012) and hydraulic gradients evaluated immediately before performing the PDTs. The values of v d estimated from PDTs have the same order of magnitude or differ by at most one order of magnitude from those calculated by Darcy's law. The only exception is the values for piezometer PS4 which differ by two orders of magnitude between the different methods. The coefficients of determination (R 2 in Table 3 ) of the regression lines are always very high, with values ranging from 0.999 to 0.987.
The results of the inversion of PDT data with CXTFIT model are summarized in Fig. 7 and Table 5 . For all dilution curves, it was possible to achieve a satisfactory fit using the equilibrium ADE equation. The v a values range from 4.28 × 10 -7 to 1.97 × 10 -5 m/s, corresponding to v d values from 2.14 × 10 -7 to 9.84 × 10 -6 m/s. The goodness of fit was evaluated by the coefficient of determination (R 2 ) and mean square error (MSE) for the regression of observed vs fitted normalized concentrations. In this case, both statistical parameters show a good agreement between experimental data and the theoretical model; R 2 is always greater than 0.989 and MSE ranges from 0.0002 to 0.0006. Figure 7 . Results of the inversion by CXTFIT model: (a) PDT1 and PDT2; (b) PDT3 and PDT4; (c) PDT5 and PDT6; (d) PDT7 and PDT8. The fitting of the analytical solution to the fieldmeasured dilution curves is essentially controlled by the apparent velocity (v a ) and the longitudinal dispersivity (α x ). The contribution of molecular diffusion can be considered negligible because the molecular diffusion coefficients of Na + and Cl -in water (1.33 × 10 -9
and 2.03 × 10 -9 m 2 /s at 25°C, respectively) are 1 or 2 orders of magnitude smaller than the estimated dispersion values (Table 5 ). The only exception is in PDT5, where the fitted dispersion is only two times the molecular diffusion coefficient of Cl -. Although the dispersivity values are consistent with field-scale and subsurface lithology (Pickens and Grisak 1981, Gelhar et al. 1992) , they can only be considered representative of the dispersivity of the water in the piezometer. However, these values, due to the small width of the borehole, are securely influenced by the screen, gravel/ sand pack and aquifer around the piezometer.
A comparison of v a values estimated by the two methods is presented in Fig. 8 . There is good agreement between the v a values estimated by classical methods and the v a calculated by the CXTFIT model. The values have the same order of magnitude ( Fig. 8(a) ) and a linear trend, with an R 2 of 0.8410, close to the theoretical line of perfect agreement (Fig. 8(b) ). This suggests that the inversion of equilibrium ADE with the CXTFIT model can be used to analyse the results of point dilution tests and to estimate apparent velocities. The good exponential decay of the dilutions curves promotes the correspondence between the results of the two different methods (e.g. classical method and CXFIT model). As a matter of fact, a variation from the optimal trend suggests that the dilution is not driven only by the groundwater flow and the contribution of the other component of velocity cannot be neglected (see equation (6)). Therefore, in this study, only the best PDTs were chosen because they were the most suitable to perform the comparison between the two different methods. This point could be the strength and the limitation of this work at the same time. As a consequence, there is no evidence that the inversion of equilibrium ADE with the CXTFIT model could fit the experimental results of a tests where the apparent velocity is influenced also by convection, diffusion, vertical flows in wells, etc. Finally, to verify the capability of equilibrium ADE to reproduce PDT data, three hypothetical dilution curves were simulated using the CTXTFIT model in direct mode and were then analysed by the classical solution to estimate the apparent velocity (Fig. 9 ). The CXTFIT code was used also to solve direct problems for which concentrations (or normalized concentrations) are calculated as a function of time and space for specified model parameters. The normalized concentrations (C/C 0 ) were calculated for a time interval of 5000 minutes once the solute-free water starts the dilution inside a borehole section having a constant initial C/C 0 = 1, assuming R = 1 and μ = 0 for the whole process. The v a were fixed equal to (A) 1.0 × 10 -5 , (B) 5.5 × 10 -6 and (C) 1.0 × 10 -6 m/s, while the dispersions were calculated from v a using the dispersivity estimate from PDT7 (0.0226 m in Table 5 ) and neglecting molecular diffusion. The normalized concentrations were calculated each 10 minutes in the centre of a hypothetical piezometer as large as the PS1 where PDT7 was performed (r c of 38.1 mm in Table 1 ). Figure 9 -6 and (C) 1.01 × 10 -6 m/s. This is further confirmation of the ability of the equilibrium ADE to represent the dilution process of a conservative borehole tracer and therefore of the opportunity to use this equation to analyse PDT data.
Conclusions
The point dilution test is a method to estimate the horizontal Darcy velocity in the aquifer surrounding a borehole. In this method, a tracer is evenly introduced into a test section and its decreasing concentration, induced by groundwater flow, is subsequently monitored over time. The theory behind the PDT is well known and the method can be adapted for a variety of purposes and conditions. This test is an easy and inexpensive technique to estimate groundwater flow velocity particularly when using the salt tracer NaCl. The traditional approach to analyse the dilution curves from PDTs is based on the simple assumption that the decreasing tracer concentration is proportional both to the apparent velocity into the test section and to the Darcy velocity in the aquifer. This assumption requires (1) steady groundwater flow during the test, (2) a homogeneous distribution of the tracer into the test section, (3) a known distortion of the flow around the borehole and (4) no density gradients induced by the tracer. This final assumption, which may lead to unfavourable attenuation of flow or density movement of water, is the most critical consideration when using NaCl as a tracer due to its high natural background concentration.
In the present article, an alternative approach to analyse dilution data from PDTs is proposed. The analytical solution of the one-dimensional equilibrium advection-dispersion equation is inverted to provide estimates of apparent velocity and dispersion inside of the test sections. The inversion was performed by the CXTIFT code (version 2.1) implemented in the STANMOD software package. The approach was tested in an unconfined aquifer in the middle Venetian plain where eight PDTs were conducted with a salt tracer and the results obtained by both methods were compared. The analyses of the field data obtained by the two methods show good agreement and suggest that it is possible to use the CXTFIT model to estimate apparent velocity over a wide range of velocities. Clearly, the solution reliability for indirect problems depends on the quality and quantity of the experimental data, on the correspondence between theoretical assumptions and experimental conditions and sometimes on reasonable initial estimates of the inverted parameters. The fitting of the analytical solution is essentially controlled by the values of v a and dispersion, while the longitudinal dispersivity of the test section plays a key role if the velocity is sufficiently high and if the molecular diffusion can be neglected. These dispersivity values cannot be considered as a rough estimate of the aquifer dispersivity but instead as a property of the water inside the piezometer which is influenced by a system comprised of a screen, gravel/ sand pack and aquifer at the scale of the borehole. The dispersivity can then be used to reproduce reliable dilution data when solving the equilibrium ADE in direct mode.
In general PDTs with salt tracer constitute a useful alternative for direct estimates of groundwater velocity as opposed to the multi-well tracer tests or the classical method based on measurement of hydraulic head and hydraulic conductivity. Although PDTs estimates the velocity of groundwater at a smaller scale than the classical methods, they are particularly useful in the areas where the wells and piezometers are randomly distributed, as in the Venetian plain. In addition, the obtained data can be easily and profitably processed using numerical CXFIT models, instead of the classical solution of the dilution equation.
Disclosure statement
No potential conflict of interest was reported by the authors. 
